Abstract. Evidence is emerging for physical links among clouds, global temperatures, the global atmospheric electrical circuit and cosmic ray ionisation. The global circuit extends throughout the atmosphere from the planetary surface to the lower layers of the ionosphere. Cosmic rays are the principal source of atmospheric ions away from the continental boundary layer: the ions formed permit a vertical conduction current to flow in the fair weather part of the global circuit. Through the (inverse) solar modulation of cosmic rays, the resulting columnar ionisation changes may allow the global circuit to convey a solar influence to meteorological phenomena of the lower atmosphere. Electrical effects on nonthunderstorm clouds have been proposed to occur via the ion-assisted formation of ultrafine aerosol, which can grow to sizes able to act as cloud condensation nuclei, or through the increased ice nucleation capability of charged aerosols. Even small atmospheric electrical modulations on the aerosol size distribution can affect cloud properties and modify the radiative balance of the atmosphere, through changes communicated globally by the atmospheric electrical circuit. Despite a long history of work in related areas of geophysics, the direct and inverse relationships between the global circuit and global climate remain largely quantitatively unexplored. From reviewing atmospheric electrical measurements made over two centuries and possible paleoclimate proxies, global atmospheric electrical circuit variability should be expected on many timescales.
1. Introduction
SCOPE AND MOTIVATION
Atmospheric electricity is one of the longest-investigated geophysical topics, with a variety of measurement technologies emerging in the late 18th century and reliable data available from the 19th century. Of modem relevance, however, is the relationship of atmospheric electricity to the climate system (Bering, 1995) , through climate-induced changes to thunderstorms (Williams, 1992 (Williams, , 1994 and the electrical modification of non-thunderstorm clouds. Although it is well-established that clouds and aerosol modify the local atmospheric electrical parameters (Sagalyn and Faucher, 1954) , aerosol microphysics simulations (Yu and Turco, 2001 ) and analyses of satellite-derived cloud data (Marsh and Svensmark, 2000) now suggest that aerosol formation, coagulation and in-cloud aerosol removal could themselves be influenced by changes in the electrical properties of the atmosphere (Harrison and Carslaw, 2003) . Simulations of the 20th century climate underestimate the observed climate response to solar forcing (Stott et al., 2003) , for which one possible explanation is a solar-modulated change in the atmospheric electrical potential gradient (PG) affecting clouds and therefore the radiative balance. As with many atmospheric relationships, establishing cause and effect from observations is complicated by the substantial natural variability present. The importance of assessing the role of solar variability in climate makes it timely to review what is known about the possible relevance of the atmospheric electrical circuit of the planet to its climate. The scope of this paper therefore includes the physical mechanisms by which global atmospheric electricity may influence aerosols or clouds, and ultimately climate. This is not a review of thunderstorm electrification, but a discussion of possible influences on the global atmospheric electrical circuit, and the atmospheric and climate processes it may influence in turn. The considerable sensitivity of the planet's albedo to cloud droplet concentrations (Twomey, 1974) presents a strong motivation for investigating possible electrical effects on cloud microphysics.
Several, traditionally distinct, geophysical topics have to be considered together in order to make progress in the interdisciplinary subject area of solar-terrestrial physics, atmospheric electricity and climate. First, the atmospheric electrical circuit has to be understood, as it communicates electrical changes globally throughout the weather-forming regions of the troposphere. Secondly, changes in thunderstorms and shower clouds caused by surface temperature changes are likely to provide an important modulation on the global atmospheric electrical circuit. Thirdly, the microphysics of clouds, particularly ice nucleation and water droplet formation on aerosol particles has to be assessed in terms of which mechanisms, in a myriad of other competing and complicated cloud processes, are the most likely to be significantly affected by electrical changes in the atmosphere. Changes in the global properties of clouds, even to a small extent, have implications for the long-term energy balance of the climate system: electrically-induced cloud changes present a new aspect (Kirkby, 2001) . Fourthly, galactic cosmic rays, which are modulated by solar activity, provide a major source of temporal and spatial variation in the atmosphere's electrical properties. The cosmic ray changes include sudden reductions and perturbations on the timescales of hours (Forbush decreases and solar proton events) as well as variability on solar cycle ($decadal) time scales and longer. The integration of these four disparate subject areas is a major
